Here, we show that deep trapped "dark" exciton states are responsible for the surprisingly long lifetime of band-edge photoluminescence in acid-treated single-layer MoS 2 . Temperaturedependent transient photoluminescence spectroscopy reveals an exponential tail of long-lived states extending hundreds of meV into the band gap. These sub-band states, which are characterized by a 4 µs radiative lifetime, quickly capture and store photogenerated excitons before subsequent thermalization up to the band edge where fast radiative recombination occurs. By intentionally saturating these trap states, we are able to measure the "true" 150 ps radiative lifetime of the band-edge exciton at 77 K, which extrapolates to ∼600 ps at room temperature. These experiments reveal the dominant role of dark exciton states in acid-treated MoS 2 , and suggest that excitons spend > 95% of their lifetime at room temperature in trap states below the band edge. We hypothesize that these states are associated with native structural defects, which are not introduced by the superacid treatment; rather, the superacid treatment dramatically reduces non-radiative recombination through these states, extending the exciton lifetime and increasing the likelihood of eventual radiative recombination.
evidenced by the monoexponential decay. The observed lifetime is roughly 20 ns, consistent with prior work.
One can estimate what radiative lifetimes in 2D quantum wells should be using a relatively simple model 20 that translates well to TMDs. 21, 22 Following the approach presented by Robert et al., we can estimate the intrinsic radiative lifetime in MoS 2 using the equation
where is the dielectric constant of MoS 2 , k 0 is the magnitude of the wavevector of exciton emission, E X 0 is the exciton energy, v the Kane velocity, and a B the exciton Bohr radius.
However, at finite temperature, only a small subset of a thermalized exciton population can emit while satisfying momentum conservation. This effect modifies the radiative rate according to
where E is a bound on the kinetic energy an exciton can possess and still emit radiatively.
Using values for the MoS 2 dielectric constant 23 and exciton Bohr radius 24 from the literature, equation (2) implies a room temperature exciton lifetime of 470 ps, which is more than forty times smaller than the measured lifetime evident in Fig. 1b . This is in reasonable agreement with the even shorter 270 ps room temperature radiative lifetime computed with first principles calculations.
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We believe long-lived trapped excitons explain the difference between the expected and measured decay times. Crystallographic defects are known to permeate exfoliated MoS 2 , 25, 26 and persist even in well passivated acid-treated MoS 2 . 12, 27 Though not evident in room temperature absorbance or photoluminescence spectra, long-lived emission from sub-band traps comprises a large fraction of the photoluminescence spectrum at cryogenic temperatures. α ∼ 5 eV −1 . We note that in all cases the effective temperature of the trapped exciton distribution is higher than the lattice temperature, indicating that the exciton population and lattice do not reach thermal equilibrium over the course of the exciton lifetime. This is rationalized by a model in which trap states -each having a well-defined energy -are spatially separated from one another. In this case, complete thermalization of the trapped exciton population is only achieved if the exciton is able to sample many different trap sites during its lifetime through multiple trapping/de-trapping and transport events. We Fig. 3a) or use some of the available thermal energy to reach the band-edge before quickly decaying with the fast band-edge radiative rate (the red path in Fig. 3a) . We probe these processes by monitoring the emission dynamics from the trap state (using a long-pass filter to isolate the trap state emission) at a set of temperatures between 77 K and 240 K.
The results of these measurements are presented in Fig. 3b . At 77 K, there is not sufficient Using the three-state model illustrated in Fig. 3a , we can construct the rate equations governing band-edge and trapped exciton dynamics. Those equations are: . Fig. 4a shows the time-resolved photoluminescence spectrum recorded at room temperature. Nearly all of the emission is from the band-edge exciton with some initial contribution from the B exciton, consistent with steady-state photoluminescence spectra. superacid's tendency to make n-doped materials more intrinsic.
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In agreement with this speculation, we hypothesize that the trap states observed here are not introduced by the superacid treatment. Rather, we believe they are associated with native structural defects (most likely sulfur vacancies) that survive the acid treatment. 27 In as-exfoliated samples, these trap states act as recombination centers increasing non-radiative recombination and reducing the QY. The action of the acid treatment is to dramatically reduce the rate of non-radiative recombination from trap-to-ground state, which together with the intrinsically slow radiative rate of this transition, leads to longer exciton lifetimes.
Consequently, the superacid treatment does nothing but improve the photophysical properties of MoS 2 . To achieve trap-free exciton dynamics limited only by intrinsic radiative recombination, more pristine starting materials are needed.
This work demonstrates that trapped excitons significantly affect room temperature exciton dynamics even though they don't appear in absorbance or photoluminescence spectra at room temperature. The trapped excitons possess small transition dipole moments and degeneracy relative to the band-edge exciton states, which explains their absence in room temperature measurements. That these traps extend so far into the bandgap, however, ensures that these states play a role in the lives of excitons at room and elevated tem- After removing the vial containing the sample from the glovebox, the sample was removed from solution and blown dry under nitrogen. The sample was then placed in a 100
• C oven and heated in air for 5 minutes.
B. Steady State Spectroscopy
Spatially-resolved spectroscopy was performed in an inverted microscope. For steadystate spectra, a CW diode laser (Coherent, Sapphire SF, 532 nm) was focused at the sample (Nikon, CFI S Plan Fluor ELWD, 40×, 0.6 NA). Fluorescence was passed by a long-pass dichroic reflector and imaged at the entrance slit of a 0.5 m focal length spectrograph and dispersed onto a cooled charge-coupled device (Princeton Instruments, Pixis). Emission spectra were transformed from wavelength (nm) to photon energy (eV) using the Jacobian transformation.
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Absorbance spectra were taken by illuminating a transparent substrate from above with a broad-band incoherent source (tungsten halogen lamp) and recording spectra transmitted through the substrate-only as well as the substrate/sample stack. Multiple exfoliated samples as well as CVD grown samples exhibit the trapped exciton emission at low temperature. Notably, the trapped exciton emission varies in prominence from sample to sample, and the exact lineshape also varies. This suggests that the average area-density and energetic distribution of traps may vary sample to sample, supporting our hypothesis that the trap states are determined by the quality of the initial starting material rather than caused by the superacid treatment itself. Importantly, the dark traps influence exciton behavior even when not apparent in room temperature absorption and emission spectra.
Here, spectra from a CVD grown sample are plotted in Fig S1 . Power-dependent spectra were collected at 77 K to extract the trapping rate, k trap , and the trap state density, N 0 . The power-dependent spectra were analyzed to extract density- The expected power-dependent equilibrium populations were predicted by considering Eqns. (3-4) from the main text reproduced here: 
B. Transient ODE Modelling
The temperature-dependent trapped exciton emission (Fig. 3b in the main text and The five solutions for each temperature were added together to generate the models output. b)
The experimental trapped exciton emission at multiple temperatures is plotted along with the model output, which was generated with no free parameters.
